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a b s t r a c t
A detailed chemical kinetic modeling has been developed to investigate aromatic and first polyaromatic
hydrocarbons formation pathways in sooting methane premixed flames operating at two equivalence
ratios (2.05; 2.32) and various pressures (0.211e0.263 atm). The model validation is performed by
comparing modeled and quantitative experimental profiles of low molecular weight aromatic species
ranging from benzene to pyrene. Experiments were carried out using jet-cooled laser-induced fluores-
cence performed after microprobe sampling. Temperature profiles were obtained using two-line atomic
fluorescence (TLAF). The kinetic mechanism proposed in this work is an extension of our previous
mechanism validated on a large number of reactive systems including saturated and unsaturated
hydrocarbons under very large conditions in terms of pressure and equivalence ratio, but never in
conditions producing soot particles. With the new proposed mechanism, it is possible to predict the
formation/consumption of the studied PAHs in the reaction zone and in the post flame region where soot
particles are produced. This last point is a challenge for the main literature combustion mechanisms. We
also identified and discussed here the main reaction pathways responsible for this behavior. It was also
shown that the relative importance of reactions determining benzene, naphthalene and pyrene forma-
tion may vary considerably from one literature mechanism to another.
 2012 Elsevier Ltd. All rights reserved.
1. Introduction
Various investigations reported that fuel oxidation and first one-
ring to four-ring aromatic hydrocarbons formation are critical steps
in soot production [1e4]. Each aromatic hydrocarbon formation can
occur via multiple pathways whose the relative importance can be
largely affected by the fuel decomposition [5e7]. Moreover, it is
well known that small aromatics formation is a rate-controlling
soot production step [2,4,8,9]. Despite a large number of experi-
mental and modeling studies dedicated to the formation of PAH,
the specific fuel decomposition and aromatic formation pathways
are still incompletely known. Particularly accuracy of modeling is
affected by the lack of spatially-resolved quantitative data con-
cerning concentration profiles of PAHs containing several rings.
Another issue that remains difficult to understand is the reforma-
tion of some aromatic species in the flame zone where soot parti-
cles are present [10]. Indeed PAHs reformation in this zone is very
poorly reproduced by most of the current combustion mechanisms
available in the literature.
For several years, combined efforts have focused at the labora-
tory to obtain an original database including small PAHs mole
fraction and soot volume fraction profiles in low pressure methane/
oxygen/nitrogen flames. The database was extended here to
different pressure and equivalence ratio conditions. Investigated
aromatics are benzene [11], naphthalene [12] and pyrene [13] and
were obtained by jet-cooled laser-induced fluorescence (jet-cooled
LIF) after microprobe sampling. Soot volume fraction was deter-
mined in-situ using laser-induced incandescence calibrated by
extinction [14,15]. Finally temperature profiles were obtained in-
situ using two-line atomic fluorescence (TLAF) [16]. The imple-
mentation of TLAF with diode lasers results in excellent precision
and accuracy, this providing data that can be used for model
development. One advantage of this last technique is its applica-
bility under sooting conditions. Indeed knowledge of the temper-
ature with high accuracy was found crucial given the strong
competition under rich fuel conditions between the oxidation and
pyrolysis processes.
The gas-phase kinetic mechanism developed in this work
consists of 279 species and 1389 elementary reactions. It has been
discussed and validated on the available database i.e. in laminar
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premixed flames covering a pressure range from 0.211 to 0.263 atm
and two equivalence ratios producing soot particles at very
different scales. It is representative of PAH formation in methane
premixed flames both in the reaction zone and in the sooting
region. The sub-model representative of soot formation is not yet
included. Therefore contribution of PAHs to soot nucleation and
soot growth is not taken into account here. Validation of gas kinetic
combustion mechanisms is the right step to be followed as in [17]
pending the introduction of a soot model which might modify
the gas-phase mechanism. On the basis of the work presented here,
and the very good agreement between experiment andmodeling, it
is believed that this modification should be reduced.
In addition of updating a new PAH mechanism, we have also
tested three reference mechanisms published in connexion with
this topic, especially, Richer et al. [7], Glarborg et al. [17], and ABF
[10] mechanisms, reduced to their gas-phase part. Differences
among the mechanisms in terms of PAH prediction are discussed.
2. Experiment
Experiments were carried out in four flames stabilized at low
pressure on a Mc Kenna type burner [18]. The initial conditions of
the four studied flames are summarized in Table 1. Two equivalence
ratios F were investigated: 2.05 and 2.32. At F ¼ 2.32, the pressure
was varied from 0.184 atm to 0.263 atm. Soot particles detected by
LII were found to be formed 10mm above the burner surface and to
reach a plateau at around 40 mm following very similar profile in
each flame. However the soot volume fraction measured at 40 mm
varies over three orders of magnitude.
All the concentration profiles presented here have been deter-
mined by using an original experimental setup developed in our
laboratory. Full details concerning themethod are given in previous
works [11e13], so only the main details will be given here. This
method relies on the extraction of the species from the flame via
a thin microprobe and their direct analysis inside a supersonic free
jet by Laser-Induced Fluorescence (LIF). Under the supersonic
conditions of the jet, the vibronic spectra of the molecules become
structured as the possibility of electronic transitions is reduced,
allowing their selective detection by LIF. In addition, due to the very
low quenching efficiency inside the jet, LIF signals can be directly
related to the population of the probed species and easily calibrated
into absolute concentrations. The schematics of jet-cooled LIF
experimental setup are shown on Fig. 1.
The laser system consists of a Quantel Nd:YAG laser, pumping
a dye laser (TDL70 Quantel). The 2nd harmonic at 532 nm is used to
excite a dye in order to generate after frequency doubling a laser
pulse at a wavelength specific of the studied aromatic compound.
Laser experimental conditions as well as fluorescence excitation
and emission wavelengths used for the measurements of the
different species are given in Table 2. For all the experiments, the
beam was sent into the analysis chamber unfocused and spatially
reduced (diameter approximately 1 or 2 mm) with different sets of
pinholes. The laser energy has been systematically adjusted for
each species to be in the linear regime of fluorescence. Fluorescence
spectra were recorded via an Acton 2500i spectrometer (500 mm
focal lengthdgratings with 1200 gr/mm or 300 gr/mm) which can
be coupled either to a 16 bit intensified CCD camera (Roper Pimax
II) or to a photomultiplier (Photonis XP2020Q, spectral range
150e650 nm and maximum sensitivity around 420 nm). The
photomultiplier was specifically used to record excitation spectra
and to measure the fluorescence decay times. Depending on the
wavelength range of emission of the compounds and the sensitivity
of the detectors, we used either the camera or the photomultiplier
for the determination of the mole fraction profiles in the different
flames [11e13]. Data points corresponding to these profiles have
been determined by integrating the respective temporal LIF signals
rather than measuring the maximum voltage values in order to
optimize the signal to noise ratio.
Absolute calibration of the benzene and naphthalene LIF profiles
into mole fraction profiles has been performed on the basis of
home-made aromatics standards [11,12]. Concerning the calibra-
tion of the pyrene profiles, we have implemented a specific method
based on the standard addition method which relies on the addi-
tions of small amounts of known concentrations of pyrene to the
pyrene sampled from the flame [13].
The JCLIF method, which highlights an excellent sensitivity
(about 1 ppb for the pyrene), provides the advantage to achieve
quantitative profiles of aromatic compounds very rapidly and in
presence of soot particles. This work provides aromatics profiles
obtained in additional flame conditions compared to those previ-
ously reported.
Accurate temperature measurements have been performed by
TLAF. The particle-laden environment of the sooting flame causes
interferences that bias the results of optical thermometry tech-
niques, but the TLAF approach implemented here was found to
workwell in the presence of soot. Indium atoms were seeded to the
flame, andwere probed using two blue diode lasers. The ratio of the
two fluorescence signals is related to the relative populations in the
two levels of the spin-orbit split ground state of Indium, and thus to
temperature. Full details can be found in [16]. The very first points
of the temperature profiles, measured up to 2mm above the burner
surface, have been determined by using a Chromel-Alumel ther-
mocouple with 100 mm of diameter. An example is given in Fig. 2.
After reaching its peak value, the temperature in the burnt gas
slightly decreases. Temperature profile behavior was very similar in
each flame.
3. Modeling
The computational code used in this work is the Sandia laminar
one dimensional premixed flame (PREMIX) [19] Thermochemical
data for the considered chemical species was obtained from the
literature database [7,20e22]. The transport parameters were ob-
tained from the Chemkin transport database [19] and from the
database used by Richer and co-workers [7].
The starting mechanism for modeling is our previous model
validated for the oxidation of small alkanes in premixed flame
conditions and premixed reactors (jet stirred reactor, shock tube.)
[23]. The aromatic sub-mechanism oxidation used in this work
derives from our previous work conducted in benzene, toluene and
para-xylene depletion in a premixed laminar flat stoichiometric
low pressure methane/air flame [24e26]. This sub-mechanism has
been evaluated against experimental flame structures of four stoi-
chiometric methane/air flames with and without the addition of
1.5% of benzene, 1.5% of toluene and 1.5% para-xylene. Reactive and
stable chemical species have been obtained by means of molecular
beam sampling using mass spectrometry as well as gas chroma-
tography coupled to mass spectrometry as analytic tools. The
experimental temperature profiles were used as input. The starting
mechanism has been also tested at low temperature conditions by
Table 1
Initial conditions (moles fractions and total flow rate) of the studied flames.
F 2.05 2.32
Pressure (atm) 0.263 0.184 0.211 0.263
CH4 0.43 0.462 0.462 0.462
O2 0.420 0.398 0.398 0.398
N2 0.140 0.140 0.140 0.140
Total flow rate (SLPM) 3.96 3.96 3.96 3.96
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modeling the ignition delays of stoichiometric n-heptane/benzene
mixtures studied in rapid machine compression, a sub-mechanism
of n-heptane oxidation considered is derived from the model
developed by Curran et al. [27]for n-heptane oxidation and vali-
dated in a large range of parametric conditions. However this sub-
mechanism has been never validated in the sooting premixed flame
conditions. Therefore, the present kinetic model has been enlarged
and completed including the sub-model of PAHs formation (from
indene to dicyclopentapyrene) to take into account the formation of
unsaturated, aromatic and polyaromatic hydrocarbonwhich occurs
during fuel-rich combustion conditions. The sub-model of PAHs
developed by Richter et al. [7] tested for low pressure premixed
acetylene, ethylene and benzene laminar flames has been
preferred. In addition, some selective modifications have been
performed on the formation chemistry of benzene, indene, naph-
thalene and phenanthrene to better describe mole fraction evolu-
tion during fuel-rich methane combustion for benzene,
naphthalene and pyrene mole fraction. The complete model
consists of 279 species and 1389 elementary reactions, most of
them reversible. Only the modifications affecting significantly
benzene, toluene and pyrene oxidation will be discussed in the
following. The model is available at the address: abderrahman.el-
bakali@univ-lille1.fr.
The input data for each flame consists of the mass flow rates
(Table 1), the pressure and the temperature profile. The tempera-
ture profiles used for modeling are based on the experimental ones
obtained as detailed in Section 2, and carried out in absence of
microprobe. In order to predict correctly the peak position of the
PAH profiles, measured after microprobe sampling, it was found
necessary to shift the experimental temperature profiles toward
the burnt gases as shown in Fig. 2. In addition, the temperature
values used for modeling were allowed to deviate from the
measured ones by about 4% in the burned gases.
4. Modeling of benzene, naphthalene and pyrene oxidation:
results and discussion
The main objective of this work was to capture by the model
experimental mole fraction for the main early aromatic species, i.e.,
benzene, naphthalene and pyrene, especially in the soot formation
zone.
4.1. Benzene
Figs. 3 and 4 exhibit computed mole fraction of benzene ob-
tained in the different studied methane flames. From these figures,
it is clear that the proposed model is able to predict excellently
benzene mole fraction both in the reaction zone and in the post
flame region where soot particles are produced. As can be seen in
Fig. 3, mole fraction of benzene increases significantly when
equivalence ratio varies from 2.05 to 2.32 at a given pressure
(0.263 atm) in the reaction and soot regions.
Fig. 1. JCLIF experimental setup. Used for the measurement of pyrene. A: Variable attenuator, L1 and L2: Converging lenses with 300 mm focal length, P1 and P2: pinhole with 2 mm
aperture, MFC: mass flow controller.
Table 2
Experimental conditions of the optical systems for excitation and collection of the LIF signal.
Species Benzene (C6H6) Naphthalene (C10H8) Pyrene (C16H10)
Transition S1) S0 60
110
1
S1) S0 80
1
S2) S0
Excitation Wavelength 253 nm 308,2 nm 320,8 nm
Dye Rhodamine 590 (associated with a Raman shifting cell) Mixture of Rhodamine 640 and DCM DCM
Laser energy 1 mJ/pulse 4 mJ/pulse 30 mJ/pulse
Fluorescence wavelength range (nm) 250 < lem < 320 310 < lem < 360 350 < lem < 450
Detector used for profiles measurement CCD camera Photomultiplier Photomultiplier
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Ф=2.32 ; P=0.263 atm. Ф=2.05 ; P=0.263 atm. 
Ф=2.32 ; P=0.211 atm. 
Ф=2.32 ; P=0.184 atm. 
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Fig. 2. Comparison between experimental temperature profiles and those used for modeling of the studied flames.
Ф = 2.05 ; P = 0.263 atm. 
Ф = 2.32 ; P = 0.263 atm. Ф = 2.32 ; P = 0.263 atm. 
Ф = 2.05 ; P = 0.263 atm. 
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Fig. 3. Comparison of computed (lines) and experimental (symbol) mole fraction of benzene obtained in CH4/O2/N2 flames stabilized at 0.263 atm.
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Reactions path analyses have been performed to identify the
main reactions routes leading to benzene in different conditions.
According to our calculations acetylene addition to n-C4H3 and n-
C4H5 radicals followed by cyclization to phenyl and benzene þ H
products respectively are not determining steps for benzene
formation in premixed methane flames at any equivalence ratio
and pressure. However, these reactions proposed by Frenklach et al.
[28,29] and Westmoreland et al. [30] contribute significantly to
benzene formation in unsaturated fuel flames like acetylene or
ethylene [1]. The computed mole fraction of both isomers n-C4H3
and n-C4H5 are very small and then the previous reactions are not
effective. In addition, the reaction proposed byWalch [31] involving
fulvene formation is also not significant.
In the premixed methane flames operating at 2.32 equivalence
ratio and 0.263 atm, self recombination of propargyl radicals
reaction supported by Hopf [32], Stein et al. [33], Kern and Xie [34],
and Miller and Melius [2] determine largely mole fraction of
benzene:
2C3H3 ¼ C6H6 (R1)
The most important reaction of benzene depletion occurs via H-
atom elimination:
C6H5 þ H ¼ C6H6 (R3)
Elimination of H atoms from benzene yielding phenyl and H as
products (C6H6 / C6H5 þ H) is highly endothermic and then it is
very sensitive to the temperature variation. Given the activation
energy for the reaction C6H6 / C6H5 þ H, it does not reach
a constant value when the temperature is increased in the
combustion field. The activation energy of this reaction is around
90,000 cal mol1 and requires a temperature above the
temperature encountered in the combustion field to reach this
limit. In other words, the rate constant for the reverse reaction
(C6H6 / C6H5 þ H) increases continuously with increasing
temperature in the combustion conditions. But we must not forget
that the reverse is also true, any drop in temperature induces
a decrease of its rate constant and thus accumulation of benzene.
This is the main point that we support in this paper for benzene
formation in the sooting flame region. As can be seen in Fig. 2,
temperature decreases in the post flame region when soot
production becomes significant. As a result, benzene mole fraction
stops to decrease and re-increases at a certain position in the
sooting region because H atom elimination process from benzene
becomes less effective.
Fig. 3 also shows the predictions of the main literature
combustion mechanisms relative to benzene formation. It may be
noted that the mechanism of Richter et al. [7], largely inspired by
the model developed by Marinov et al. [1], greatly overestimates
the experimental mole fraction of benzene (about a factor 8). Same
overestimation occurs for ABF mechanism in the reaction zone.
However, the Glarborg model reasonably overestimates mole
fraction of benzene in the sooting region (less than a factor 2). We
have, through the reaction path analysis, discussed the importance
of chemical reactions determining the formation and consumption
of benzene in these different mechanisms. The most important
reactions are listed with their kinetic parameters in Tables 3e5 for
the richest flame stabilized at 0.263, 0.211 and 0.184 respectively.
For clarity, it should be noted that in Tables 3e5, reactions are listed
in order of importance according to each mechanism for benzene,
naphthalene and pyrene. The order is indicated by red numbers in
the case of reactions determining their formation or consumption.
Also note that if a reaction is found only in the case of some
mechanisms, this means that it is negligible in other mechanisms.
Ф = 2.32 ; P = 0.184 atm. 
Ф = 2.32 ; P = 0.211 atm. 
Ф = 2.32 ; P = 0.184 atm. 
Ф = 2.32 ; P = 0.211 atm. 
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Fig. 4. Comparison of computed (lines) and experimental (symbol) mole fraction of benzene obtained in CH4/O2/N2 flames operating at 0.211 and 0.184 atm.
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In other words only the most important reactions are included in
these tables.
Table 3 shows that the reactions governing the formation of
benzene are different from one mechanism to another. Benzene is
formed principally by reaction R1 in Richter and the presentmodels
while its formation is mainly controlled by R3 in the case of ABF
model. In the case of Glarborg, the reaction R3 is a significant source
of benzene only in the reaction zone whereas it becomes
a consumption route in the sooting region. Benzene is also
produced by the reaction R2 in Glarborg mechanism:
C5H4CH2ðFulveneÞ þH ¼ C6H6 þ H (R2)
C6H5 þ H ¼ C6H6 (R3)
Table 3
Main reactions determining formation (bold values) and consumption (light black) of benzene, naphthalene and pyrene in premixed methane flame (F ¼ 2.32 and
P ¼ 0.263 atm) according to our and principal literature combustion mechanisms. The superscript value indicate the importance order of the corresponding reaction.
This model Glarborg [17] Richter [7] ABF [10]
A n Ea A n Ea A n Ea A n Ea
Benzene
C3H3 þ C3H3 ¼ C6H6 2.8E12 0.0 0.01 3.0E12 0.0 0.01 5E12 0.0 0.02
C6H5 þ H ¼ C6H6 1E14 0.0 0.01 5E13 0.0 0.02 1.0E14 0.0 0.01
C6H6 þ O ¼ C6H5OH 17.8 3.8 9402
C7H8 þ H ¼ C6H6 þ CH3 2.7E12 0.0 51483
C6H6 þ H ¼ C6H5 þ H2 2.83E13 0.0 159994 3.0E7 2.0 80001 3.23E7 2.095 15842 1 2.5E14 0.0 16001
C5H4CH2 þ H ¼ C6H6 þ H 3.0E12 0.5 20001
Naphthalene
C7H7 þ C3H3 ¼ C10H8 þ 2H 2.0E13 0.35 50001 3E12 0.0 0.01
C10H8 þ H ¼ C10H7*1 þ H2 3.23E07 2.095 158421 2.5E14 0.0 160001 3.23E7 2.095 15842 1 2.5E14 0.0 160002
A2CH13 þ H ¼ C10H8 þ CH3 1.20E
13 0.0 51482
C10H8 þ OH ¼ C10H7*1 þ H2O 2.11E13 0.0 45712
C10H7*1 þ H ¼ C10H8 1E14 0.0 0.02
C10H7*2 þ H ¼ C10H8 1E14 0.0 0.01
2C5H5 ¼ C10H8 þ 2H 2.0E12 0.0 40001 5E12 0.0 80002
C10H8 þ H ¼ C10H7*2 þ H2 2.5E14 0.0 160002 2.5E14 0.0 160001
Pyrene
Pyrene*1 þ H ¼ Pyrene 5.0E12 2.0 50001 1.0E14 0.0 0.01
Pyrene þ H ¼ Pyrene*1 þ H2 3.23E9 2.095 158421 3.23E7 2.095 158422 2.5E14 0.0 160001
C10H7*1 þ C7H7 ¼ Pyrene 1.5E12 1.42 40002
Pyrene þ H ¼ Pyrene*4 þ H2 3.23E9 2.095 158422 3.23E7 2.095 158421
Pyrene þ OH ¼ A3*4 þ CH2CO 1.30E13 0.0 106001
A3*4 þ C2H2 ¼ Pyrene þ H 3.98E13 0.0 101001 1.87E7 1.787 32621 6.6E24 L3.36 178002
A3C2H þ H ¼ Pyrene þ H 9E38 L7.39 207002
Pyrene þ OH ¼ A3*2 þ CH2CO 1.30E13 0.0 106002
Table 4
Main reactions determining formation (bold values) and consumption (light black) of benzene, naphthalene and pyrene in premixed methane flame (F ¼ 2.32 and
P ¼ 0.211 atm) according to our and principal literature combustion mechanisms. The superscript value indicate the importance order of the corresponding reaction.
This model Glarborg [17] Richter [7] ABF [10]
A n Ea A n Ea A n Ea A n Ea
Benzene
C6H5 þ H ¼ C6H6 8.02E19 L2.0 19681 5E13 0.0 0.01 1E14 0.0 0.01
C3H3 þ C3H3 ¼ C6H6 5.40E11 0.0 0.02 3.0E12 0.0 0.01 5E12 0.0 0.02
C6H6 þ O ¼ C6H5OH 17.8 3.8 9401
C6H6 þ H ¼ C6H5 þ H2 2.83E13 0.0 159992 3.0E7 2.0 80001 3.23E07 2.095 158421 2.50E14 0.0 16001
C5H4CH2 þ H ¼ C6H6 þ H 3.0E12 0.5 20002
C6H6þOH ¼ C6H5*1 þ H2O 2.11E13 0.0 45712
Naphthalene
C7H7 þ C3H3 ¼ C10H8 þ 2H 1.7E13 0.35 50001 3E12 0.0 0.01
C10H8 þ H ¼ C10H7*1 þ H2 3.23E07 2.095 158421 2.5E14 0.0 160001 3.23E07 2.095 158421 2.5E14 0.0 160002
C10H8 þ OH ¼ C10H7*1 þ H2O 2.11E13 0.0 45712
C10H7*2 þ H ¼ C10H8 1E14 0.0 0.01
2C5H5 ¼ C10H8 þ 2H 2.0E12 0.0 40001 5E12 0.0 80002
C10H8 þ H ¼ C10H7*2 þ H2 2.5E14 0.0 160002 2.5E14 0.0 160001
C10H7*1 þ H ¼ C10H8 1E14 0.0 0.02
Pyrene
Pyrene*1 þ H ¼ Pyrene 5.0E13 2.0 50001 1.0E14 0.0 0.01
Pyrene þ H ¼ Pyrene*1 þ H2 3.23E9 2.095 158421 2.50E14 0.0 160001
Pyrene þ OH ¼ Pyrene*4 þ H2O 2.1E13 0.0 46001
Pyrene þ OH ¼ Pyrene*2 þ H2O 2.1E13 0.0 46002
Pyrene þ OH ¼ A3*4 þ CH2CO 1.30E13 0.0 106002
A3*4 þ C2H2 ¼ Pyrene þ H 3.98E13 0.0 101001 1.87E07 1.787 32621 6.6E24 L3.36 178002
A3C2H þ H ¼ Pyrene þ H 9E38 L7.39 207002
Pyrene þ OH ¼ A3*2 þ CH2CO 1.30E13 0.0 106001
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Benzene is destroyed principally by H elimination yielding
phenyl radical in our model (R3). However, it is destroyed by H-
abstraction reaction (R4) in Richter, ABF and Glarborg mechanisms.
Note that R4 produces benzene in the post flame region whereas it
is destroyed by R3 in Glarborg model:
C6H6 þ H ¼ C6H5 þH2 (R4)
In summary, we note some very important differences between
the kinetic reactions mechanisms tested. These differences are
primarily choices of kinetic parameters (Tables 3 4 and 5). Conse-
quently, the kinetic findings that can be drawn from these models
can sometimes be very different. So as we show in Table 3, a reac-
tion controlling benzene formation in a given mechanism, may be
insignificant in another one (as an example, see reaction
2C3H3 ¼ C6H6). It is however important to note that although the
mechanisms have a significant number of differences regarding the
formation/consumption of a chemical species, their predictions
may be marked by very few reactions, sometimes by a single
reaction. What is important to consider is the number of critical
reactions in the conditions considered. This can be done under
given conditions through reactions path analysis and/or sensitivity
analysis as done in Tables 3, 4 and 5.
We also tested the mechanism in a premixed methane flame at
lower equivalence ratio 2.05 and a pressure of 0.263 atm. These
conditions produce very low soot particle concentrations. The
maximum soot volume fraction measured in these conditions is
about 1012 [15]. Fig. 3 compares predictions of all tested mecha-
nisms with experimental data. The comments mentioned previ-
ously in the case of the richest flame are found to be valid in these
conditions. The present model perfectly predicts benzene mole
fraction in the sooting region. ABF mechanism is the one that
overestimates benzene concentration in this area. On the kinetics,
conclusions are also similar to the richest flame. R1 is the main
reaction of benzene formation and the relative importance of
reactions is unmodified at low pressure when equivalence ratio
varies from 2.32 to 2.05. In the case of Richter model, we note
a contribution of H-abstraction with OH radicals to benzene
consumption.
The effect of pressure on benzene mole fraction has also been
examined. Figs. 3 and 4 show that benzene peak mole fraction
decreases when the pressure decreases. Benzene mole fraction in
the post flame region was also found lower comparatively to
0.263 atm methane flame at a given equivalence ratio and the mole
fraction of benzene re-increases slowly in the sooting zone. As
indicated in Fig. 2, experimental temperature profiles obtained in
flames operating at various pressures were found similar indicating
that the prefect gas law is followed. Therefore, temperature varia-
tion cannot explain the difference observed for benzene mole
fraction evolution when the pressure varies. Reactions path anal-
yses showed that self recombination propargyl radicals (R1) are less
effective at low pressure (Tables 1, 2 and 3).
As assigned in ABF mechanism, in the present work the kinetic
parameters of this reaction are pressure dependent. The rate
constant of R1 was assigned to be linear pressure dependent in the
range 0.211e0.263 atm (Tables 3, 4 and 5).
This decrease of benzene mole fraction is connected to the
pressure effect on the methane oxidation. Indeed, at low pressure,
the more the pressure increases the more the oxidation of methane
via C2 reaction sequence is favored duemainly to the falloff reaction
involving recombination of methyl radicals (2CH3 ¼ C2H6). This
impacts the main C3H3 precursors, i.e., propyne, allene and
acetylene.
4.2. Naphthalene
Naphthalene was also modeled and its reactions pathways are
discussed. Figs. 5 and 6 compare experimental and computed mole
fraction of naphthalene obtained in various flames. A very good
agreement was obtained in the reaction zone where soot particles
are absent. In the post flame region, the trend of the experimental
Table 5
Main reactions determining formation (bold values) and consumption (light black) of benzene, naphthalene and pyrene in premixed methane flame (F ¼ 2.32 and
P ¼ 0.184 atm) according to our and principal literature combustion mechanisms. The superscript value indicate the importance order of the corresponding reaction.
This model Glarborg [17] Richter [7] ABF [10]
A n Ea A n Ea A n Ea A n Ea
Benzene
C6H5 þ H ¼ C6H6 8.02E19 L2.0 19681 5E13 0.0 0.01 1.0E14 0.0 0.01
C6H6 þ O ¼ C6H5OH 17.8 3.8 9401
C6H6 þ H ¼ C6H5 þ H2 2.83E13 0.0 159992 3.0E7 2.0 80001 3.23E7 2.095 158421 2.5E14 0.0 160001
C7H8 þ H ¼ C6H6 þ CH3 2.7E12 0.0 51483
C6H6 þ O ¼ C6H5 þ OH 1.0E1 3.8 17904
C3H3 þ C3H3 ¼ C6H6 1.0E11 0.0 0.02 3.0E12 0.0 0.01 5.0E12 0.0 0.02
C5H4CH2 þ H ¼ C6H6 þ H 3.0E12 0.5 20002
Naphthalene
C7H7 þ C3H3 ¼ C10H8 þ 2H 1.40E13 0.35 50001 3E12 0.0 0.01
C10H8 þ H ¼ C10H7*1 þ H2 3.23E07 2.095 158421 2.5E14 0.0 160001 3.23E07 2.095 158421 2.50E14 0.0 160002
C10H7*2 þ H ¼ C10H8 1E14 0.0 0.01
2C5H5 ¼ C10H8 þ 2H 2.0E12 0.0 40001 5.0E12 0.0 80002
C10H8þH ¼ C10H7*2 þ H2 2.5E14 0.0 160002 3.23E07 2.095 158422 2.5E14 0.0 160001
C10H7*1 þ H ¼ C10H8 1E14 0.0 0.02
Pyrene
Pyrene*1 þ H ¼ Pyrene 5.0E13 2.0 50001 1E14 0.0 0.01
Pyrene þ H ¼ Pyrene*1 þ H2 3.23E9 2.095 158421 2.5E14 0.0 160001
Pyrene þ H ¼ Pyrene*4 þ H2 3.23E7 2.095 158421
Pyrene þ OH ¼ Pyrene*1 þ H2O 2.10E13 0.0 46003
Pyrene þ OH ¼ Pyrene*4 þ H2O 2.10E13 0.0 46002
Pyrene þ OH ¼ A3*4 þ CH2CO 1.30E13 0.0 106001
A3*4 þ C2H2 ¼ Pyrene þ H 3.98E13 0.0 101001 1.87E7 1.787 32621 6.6E24 L3.36 178002
A3C2H þ H ¼ Pyrene þ H 9E38 L7.39 207002
Pyrene þ OH ¼ A3*2 þ CH2CO 1.30E13 0.0 106002
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Fig. 5. Comparison of computed (lines) and experimental (symbol) mole fraction of naphthalene obtained in CH4/O2/N2 flames stabilized at 0.263 atm.
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Fig. 6. Comparison of computed (lines) and experimental (symbol) mole fraction of naphthalene obtained in CH4/O2/N2 flames operating at 0.211 and 0.184 atm.
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mole fraction profile is well predicted but it is over-estimated by
about a factor 2. Various pathways have been reported in the
literature for naphthalene formation. Two most important reac-
tions routes are suggested: (i) HACA mechanism (H-abstraction
reactions followed by Acetylene addition) and (ii) recombination
reactions involving different resonantly stabilized radicals. Both
ways have been largely discussed in the literature and are consid-
ered in the present mechanism [1].
In the richest flame, naphthalene formation involves resonantly
stabilized radicals. The formation proceeds mainly by the recom-
bination of benzyl (C7H7) and propargyl (C3H3) radicals:
C7H7 þ C3H3 ¼ C10H8 þ 2H (R5)
In contrast to the rate constant proposed by d’Anna and Violi
[35] and Richter et al. [7], the kinetic parameters proposed for this
reaction in the present model have an activation energy not equal
to zero. A three kinetic parameters expression A.Tn.exp(Ea/RT)
was proposed. Moreover, as assigned for the reaction R1, the rate
constant of R5 was assigned to be linear pressure dependent in the
range 0.211e0.263 atm (Tables 3, 4 and 5).
It is important to note that the reaction R5 is a global process of
three elementary reactions:
C7H7 þ C3H3 ¼ C10H9 þH
C10H9 ¼ C10H8ðbenzofulveneÞ þ H
C10H8ðbenzofulveneÞ ¼ C10H8ðnaphtaleneÞ
The first elementary step involves a C10 radical product (ben-
zofulvyl) [1]. The second elementary reaction is the elimination of
hydrogen atom yielding benzofulvene which after isomerization
leads to naphthalene formation. Given the nature of these
elementary steps, it is difficult to support a rate constant without
activation energy as proposed by d’Anna and Violi [35].
The recombination of cyclopentadienyl radicals (also resonantly
stabilized free radicals) which is usually discussed in the literature
as one of the most prominent route for the formation of naphtha-
lene was found not to play a significant role in these conditions.
This is in contradiction with the conclusion of Marinov et al. [1]
who suggest a direct formation of naphthalene from cyclo-
pendienyl radicals and not from benzene in their atmospheric
methane and ethane flames. As did in the present model, Marinov
et al. [1] mechanism includes an overall reaction of the self
recombination radicals (R6):
2C5H5 ¼ naphthaleneþ 2H (R6)
This global reaction occurs via 1-hydrofulvalenyl radical (C10H9)
formation:
2C5H5 ¼ C10H9 þ H
C10H9 ¼ naphthaleneþ H
The first step is assumed to be the rate limiting step [1].
Using reaction path analysis, we also identified the major
pathways for naphthalene formation according to all tested models
(Glarborg, ABF and Richter) (Tables 3, 4 and 5). As can be seen in
Fig. 5, except the mechanism ABF which greatly overestimates the
experimental mole fraction of naphthalene, the tested mechanisms
correctly predict naphthalene in the sooting region. Strangely,
reaction path analysis shows that different kinetic pathways not
necessarily translate into different predictions. R5 is the main
reaction of naphthalene formation in Richter and the present
models. Glarborg model supports the importance of reaction R6,
reaction made famous by Marinov et al. [1]. According to this
mechanism, naphthalene formation is largely governed by self
cyclopendienyl recombination radicals (reaction R6) and second-
arily by reaction R5. ABF is the only mechanism to provide
recombination of hydrogen atoms with naphtha-1-yl (C10H7*1) and
naphtha-2-yl (C10H7*2) radicals as the main route of naphthalene
formation under these conditions:
C7H7 þ C3H3 ¼ C10H8 þ 2H (R5)
2C5H5 ¼ C10H8 þ 2H (R6)
C10H7*1þ H ¼ C10H8 (R7)
C10H7*2þ H ¼ C10H8 (R8)
Naphthalene consumption proceeds mainly by H-abstraction
reaction by H atoms in all tested mechanisms. H-transfer reactions
lead to naphth-1-yl (C10H7*1) radical (R8) except in ABF model
which produces naphth-2-yl radical (R9):
C10H8 þ H ¼ C10H7*1þ H2 (R9)
C10H8 þ H ¼ C10H7*2þ H2 (R10)
Similar kinetic parameters have been used for both reactions
(R9) and (R10) in our and Richter models whereas different kinetic
parameters are used in ABF and Glarborg mechanisms.
The influence of the equivalence ratio on naphthalene oxidation
by using the four mechanisms has been also examined. We
observed that reducing the equivalence ratio (2.32e2.05) at
a constant pressure (0.263 atm) did not alter the relative impor-
tance of the previous reactions. Naphthalene formation/consump-
tion is still determined by reactions (R5)e(R10). The rates of these
reactions decrease due to the decrease of species mole fraction they
imply, without changing the order of importance. We also note
a larger contribution of H-abstraction reactions from naphthalene
by OH radicals when the equivalence ratio decreases.
Fig. 6 exhibits the effect of pressure on the experimental mole
fraction of naphthalene. A significant reduction of naphthalene was
observed with a pressure decrease in the reaction zone and in the
post flame area. This reduction is due mainly to benzene mole
fraction decrease when the pressure is reduced. Indeed, the main
reaction of benzyl radicals involved in the reaction R5 identified as
the main reaction producing naphthalene in our conditions, comes
from toluene. Note that toluene formation is controlled by benzene
oxidation via the reaction C6H6þ CH3 ¼ Toluene þ H.
4.3. Pyrene
The other species also seen as playing a crucial role in the
formation of soot particles is pyrene. The formation pathways of
pyrene remain poorly known due the crucial lack of experimental
information about this species. Pyrene was analyzed experimen-
tally in the previous four flames. Figs. 7 and 8 show the calculated
and experimental pyrene mole fraction profiles. As can be seen in
Fig. 7 the gas-phase kinetic mechanism developed in the present
study is able to predict mole fraction evolution of pyrene with
equivalence ratio. The experimental peak mole fraction increases
by a factor about 25 when the equivalence ratio increases from 2.05
to 2.32 at 0.263 atm. Predictions of our mechanism are consistent
with these experimental observations. In the sooting region, the
trend is better predicted in the richest flame. Modeling shows
a pyrene reformation in this area whereas at lower equivalence
ratio, the calculated pyrene mole fraction tends to a constant value.
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Predictions of other literature mechanisms are also included in
Fig. 7. We note that ABF and Glarborg models overestimate pyrene
mole fraction in the sooting region by a significant factor (more
than 10). However, it should put this disagreement because self
pyrene condensation is assigned to initiate soot particles formation
in the main soot models. Therefore, the association of gas-phase
mechanism to soot model should reduce pyrene mole fraction. It
is surprising however that ABF prediction offers linear evolution of
pyrene mole fraction with a strongly pronounced slope and
without any inflection. Similar remarks were found in the case of
Richter model but with a lesser slope. Glarborg mechanism also
overestimates pyrene mole fraction, but there is an inflection of its
mole fraction profile at the end of the reaction zone.
The analysis of reaction paths reveals that whatever the equiv-
alence ratio and pressure, the recombination reaction of pyrene-1-
yl radicals (A4*1) with hydrogen atoms plays a decisive role in the
formation of naphthalene in our and ABF mechanisms (Tables 1, 2
and 3).
A4*1þH ¼ A4 (R11)
However, the process of pyrene formation by HACA mechanism
after activation of phenanthrene (C14H10) is very significant
particularly in the sooting region. This reaction is also the main
route of pyrene formation in Galrborg and Richter models.
A3*4þ C2H2 ¼ A4þH (R12)
In Glarborg mechanism, pyrene is also formed after isomeriza-
tion of ethynylphenanthrene (A3C2H):
A3 C2Hþ H ¼ A4þ H (R13)
All mechanisms proposed pyrene destruction by H-abstraction
reactions by hydrogen atoms to form pyrene-1-yl radical, except
Glarborg mechanism. This offer consumption by oxidationwith OH
radicals to form pyrene-1-yl and pyrene-2-yl radicals (R15 and
R16):
A4þH ¼ A4*1þ H2 (R14)
A4þ OH ¼ A4*1þ CH2CO (R15)
A4þ OH ¼ A4*2þ CH2CO (R16)
5. Conclusion
A detailed kinetic reaction mechanism has been proposed to
predict the formation of low molecular weight PAHs that have
a critical role in the soot formation. These species are benzene,
naphthalene and pyrenewhose experimental mole fraction profiles
were obtained in laminar premixed methane flame operating at
various pressure (0.211e0.263 atm) and two equivalence ratios F
(2.05 and 2.32). The selectivity and sensitivity of the measurements
could be achieved thanks to the use of jet-cooled laser-induced
fluorescence. Thus pyrene mole fraction was as low as a few ppb in
the flame at F ¼ 2.05. The proposed mechanism correctly predicts
the mole fraction of benzene, naphthalene and pyrene in the
reaction and soot zones, especially the mechanism predicts the
strong increase of these species mole fraction with equivalence
ratio and pressure increase. Much attention has also been paid to
the reformation of these species in the post flame region. Through
reaction paths analysis, we have identified the key reactions for
formation and consumption of each species. For benzene formation
two reactions involving resonantly stabilized radicals should be
studied in more details. This is the self propargyl radicals
recombination and the recombination of H atoms with phenyl
radicals. We have seen that the main literature combustion
mechanisms differ on the relative importance of these two reac-
tions, due to insufficient knowledge on their kinetic parameters.
Similar remarks were found in the case of naphthalene oxidation:
benzyl and propargyl radicals have a key role in naphthalene
formation while cyclopendienyl radicals secondarily contribute to
the formation of naphthalene according to our and some literature
models. However, the process involving cyclopentadienyl radical is
rather the main reaction path for naphthalene formation in Glar-
borg mechanism as previously reported by Marinov et al. [1]. In the
case of pyrene, significant differences between the tested literature
mechanisms have been identified and especially as regards reac-
tions determining its formation. It is less surprising compared to
previous species because there is less information on the theoret-
ical and experimental data relative to pyrene oxidation.
The mechanism developed in this work is currently in use with
a soot code based on the method of moments to test its ability to
predict soot volume fraction profiles measured in different flames
presented here.
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